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 An excimer laser has been employed for the crosslinking of polyethylene at room tempera-
ture using chlorobenzophenone (CBP) or benzophenone (BP) as a photoinitiator. The irradia-
tion dose of the excimer laser light is about 450 J/g (sample weight) and the concentration of 
the photoinitiator ranges from 0.01 to 1.0% in weight. An overall gel content of about 30-35% 
is obtained for a sample with a thickness of 1.2 mm, although it locally reaches above 50% in 
the vicinity of the surface up to 0.3 mm in depth. The crosslinking is observed only near the 
irradiated surface of a sample within 0.3 mm in depth for a high photoinitiator concentration 
of 1.0%, while the homogeneous crosslinking is occurred up to about 2mm in depth for a very 
low concentration of 0.01%. The crosslinking rate decreases linearly with a depth for a con-
centration of 0.1%.
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 I. Introduction
 An excimer laser has been effectively used in 
many fields of  chemistryl). Its wide applicability 
may be mainly attributed to a high photon ener-
gy of the laser light. The energy is usually large 
enough to dissociate  each bond of chemical 
compounds and thus a photochemical process 
energized by the laser light is capable of replac-
ing costly chemical and thermochemical proces-
ses. This enables us not only to cut down the 
production cost but also to improve the quality 
of the chemical products. Furthermore, it 
should be mentioned that the effect of the pro-
cess can be extensively and easily controlled by 
the irradiation condition. This article shows the 
application of an excimer laser for the crosslink-
ing reaction of polyethylene.
 Polyethylene is a synthetic polymer material 
with low cost. It has many useful characteristics 
such as thermoplasticity, high mechanical 
strength and workability, gas permeability, wa-
ter resistance, acid and alkali resistance, and 
dielectric strength. But the mechanical strength 
of polyethylene decreases just above a tempera-
ture of 60  °C . This property restricts its practic-
al applications such as the backing mats of 
building and cars and mats for bathtubs.  in 
those applications, thermal resistance up to ab-
out 80  °C is usually  required. The thermal resist-
ance of polyethylene can be easily improved by 
the crosslinking of polymer  chains,  and the de-
gree of crosslinking which ranges from 30 to 50 
 % may be satisfactory for those applications. 
 The crosslinking of polymer chains is to build 
carbon-carbon bonds just as bridges between
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polymer chains. These bonds totally construct a
net structure of polymer, and enhance the hard-
ness and heat resistance of the polymer. 
 The crosslinking of polyethylene has also 
been accomplished by the ultraviolet light 
         9) irradiation-and the electron beam  irradia-
tion3). Although those two methods have the 
advantage of high reaction rate, neither of them 
is able to provide a rapid and modest process of 
crosslinking for a practical use. The former re-
quires an approximately 5 times long irradiation 
time compared with the excimer laser irradia-
tion, since the light intensity provided by a regu-
lar xenon or mercury lamp is insufficient. The 
latter needs a costly vacuum chamber in the 
process resulting in about 10 times expensive 
cost to the laser treatment. 
 In this paper, the usefulness of an excimer 
laser is proposed for the crosslinking of 
polyethylene with experimental results. 
 2. Experimental Procedure 
 2.1 Test Materials 
 Experiments have been made using a narrow 
polyethylene (PE) strip with or without  chloro-
benzophenone (CBP) and benzophenone (BP) 
as a photoinitiator agent. The constitutional for-
mulas of BP and CBP are shown below. These 
additives have been found to be most effective 
for the  photocrosslinking2) of which processes 
are shown in the subsection 3.2.
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 The values of BP or CBP concentration in 
polyethylene for the present experiment were 
 0.01%,  0.1% and  1% in weight. In the prepara-
tion of a sample strip a certain amount of 
polyethylene powder has been completely mix-
ed with the agent at above the melting point of
polyethylene  ( >  150  °C) by an automatic stirrer 
manufactured for this experiment. A cylindrical 
mixing vessel has a dimension of 30 mm in inner 
radius and 500 mm in length, and a nozzle with 
rectangular cross section of 15 mm X 1 mm is 
attached to its end plate. Melted polyethylene is
pressurized in the vessel and injected through 
the nozzle, forming a sample material for the 
experiments. A sample strip is then prepared by 
hot-pressing to adjust the thickness required for 
the experiments. Narrow strips of polyethylene 
which has dimension of about 300 mm in length 
and about 15 mm in width with various thick-
ness from 0.3 mm to 2.4 mm have been pre-
pared. An averaged crosslinking rate with 
regard to the depth may be then estimated by 
using the strips with various thicknesses.
 2.2 Irradiation Condition 
 A KrF excimer laser which generates a light 
with a wavelength of 249 nm has been mainly 
used in the experiments because it is more effec-
tive in the crosslinking than other lasers as 
shown in the subsection 3.2. The other lasers 
such as the XeF (350 nm),  XeCI (308 nm) and 
ArF (193 nm) excimer lasers have been also 
used for the comparison of the irradiation 
effects on the crosslinking. The irradiations 
have been performed in air at a room tempera-
ture. The output power of a pulsed laser is set to 
300 mJ/pulse with a pulse repetition rate of 
15 Hz. The beam section of the laser is about 
10 mm X 20 mm at the exit. The irradiation in-
tensity at the sample surface is then 150 mJ/cm2. 
The major part of the laser energy (above 80%) 
is absorbed in vicinity 0.1 mm from the surface. 
The irradiations have been performed on the 
both front and back sides of a strip, so as to 
increase the crosslinking rate. The total irra-
diation dose including the both sides has been 
set to about 450  J/g. The absorbed energy,
however, is reduced to about three-fourth, be-
cause a part of the light is reflected on the sur-
face of the sample.
  2.3 Measurements of the Crosslinked 
      Content 
  Since the viscosity of the melted polyethylene 
increases due to the fibrino-plastin which is pro-
duced by the crosslinking, we can estimate the 
degree of the crosslinked content or gel content 
by the method of the Melt Flow Rate (MFR 
 Method)4). The present method is described as 
follows; the polyethylene strip is heated up to 
190 °C to melt and drop through a narrow 
stainless-steel pipe. The droplet through the 
pipe per unit time is inversely proportional to 
the viscosity. The ratio of flow rate of the laser 
irradiated melted polyethylene to the non-
irradiated one (we call this "Ratio of MFR" and 
denote it  A MFR, hereafter) is then used conve-
niently to estimate the degree of  crosslinking. 
  The crosslinked content produced by the laser 
irradiation can be directly measured by Gel 
Content  Method2). Laser irradiated polye-
thylene is cut into small pieces and is put in a fil-
ter thimble made of glass fiber which is set into 
a  Soxlet extractor. Extraction with boiled 
xylene is carried out for 20 hours in the nitrogen 
atmosphere to prevent oxidation. After the ex-
traction, the thimble is washed with acetone and 
vacuum dried for 7 hours at room temperature. 
The weight of the gel of insoluble polymer is 
measured to obtain an accurate quantity of the 
network polymer produced by the laser  irradia-
tion. 
 The above two methods have a strong cor-
relation, as shown in the subsection 3.1. We 
first estimate the degree of crosslinking by the 
MFR method and then accurately measure the 
weight percentage of the insoluble network po-
lymer by the Gel Content Method.
3. Results and Discussions
  3.1 Results 
  Thedegree of crosslinking is affected by such 
factors as the type and the concentration of the 
photoinitiator, sample temperature, irradiation 
dose, intensity and wavelength of the laser light. 
These effects were extensively examined in this 
study. 
  Figure 1 shows the relation between the ratio 
of a melt flow rate and the gel content in a semi-
logarithmic scale. The vertical scale shows the 
gel content in weight %, and the horizontal 
scale the ratio of the melt flow rate  (A MFR) in 
a logarithmic scale. A linear relation is observed 
between the ratio of the melt flow rate and the 
gel content, in the range of 1  s — log( A MFR) 
5. 3, for the gel content of less than 35 %. Over 
the range of 3  s — log  ( A MFR), the gel content 
does not increase linearly with the value of 
-log( A MFR) . This may be caused by the fact 
that the viscosity becomes too high for a flow in 
a small pipe when the gel content is over 35 %, 
because the working temperature of the MFR 
method is relatively low  (190°C  ).
 A part of the laser light irradiated on the sam-
ple is reflected, and the rest is absorbed by the 
sample. The absorbed light is partly used for the 
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Fig. 2 Relation between the sample thickness and 
    the Ratio of MFR( A MFR). 0 showsBP 
     concentration of 0.01%,  © shows BP con-
     centration of 0.1%, and + shows BP concen-
     tration of 1.0%.
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of the samples as it penetrates into the sample. 
Figure 2 shows the effects of the thickness of the 
sample on the melt flow rate for the both front 
and back sides irradiation. The total irradiation 
dose for the both sides is kept at 450  J/g in all 
the experiments. The value of — log  ( A MFR) 
indicates no local value corresponding to the 
depth but the averaged value of the sample 
thickness. It is found in Figure 2 that the gel 
process has been effectively performed only in 
the vicinity of the both surfaces when the con-
centration of the photoinitiator BP is 1.0%. On 
the contrary, the crosslinking has been taken 
place homogeneously all over the sample when 
the concentration of the BP is reduced to 
0.01%. When the concentration is optimized to 
0.1%, the gel process is most effectively per-
formed up to the depth of  1mm. With this con-
centration, the value of — log (  A MFR) de-
creases linearly with the thickness. This implies 
that the light intensity in the sample attenuates 
exponentially with the depth in the sample. 
When the sample thickness is over 2mm, it is 
more effective to choose a BP concentration be-
low  0.01%©. It is therefore desirable to optimize 
the concentration of the photoinitiator depend
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Fig. 3 Effect of the BP (0) and CBP  (0) concen-
     trations on the Ratio of MFR (A MFR).
ing on an application. If we need a thin layer 
with high gel content from the sample surface, 
high concentration (1.0 — 0.1%) is to be used, 
and if we prefer homogeneous gel content in all 
the volume, low concentration (0.01%) is desir-
able. The former may, for example, be applied 
to the manufacturing of a backing mat for a 
building or a car, and the latter to the bath mat. 
 Figure 3 shows the effect of BP and CBP on 
the melt flow rate when the sample thickness i  
1.2 mm. Total irradiation dose is 450  J/g for the 
both sides irradiation. The photoinitiator con-
centration of 0.1% is found to be more effective 
than others (0.01% and 1.0%). That is, the las-
er light is effectively used for the crosslinking in 
the region of 0.6 mm from the surface. When 
the concentration is rather low, the light pene-
trates into a deep part with a little crosslinking 
reaction in its path, and when the concentration 
is more than 1.0%, the most part of the light is 
consumed in the vicinity of the surface for the 
crosslinking. The difference in the chemical 
structure between BP and CBP shows little 
effects on the melt flow rate.
 3.2 Discussions 
 The bond energy for a  C  —  H bond in 
polyethylene is about 100 kcal/mol which cor-
responds to about 4.4  eV5). In this study, we 
used the ArF  (193nm; 6.4eV), KrF (249nm; 
5.0eV), XeC1 (308nm; 4.0eV) and XeF (350nm; 
3.5eV) excimer lasers. Only the ArF and KrF 
lasers can directly break the C—H binding in 
principle, and the formed polymer adical may 
then undergo crosslinking reactions as is implied 
by the  Eqs.(1) and (2). 
 C—H bond  dissociation: 
 —CH2CH2—  —CH2CH— + H (1) 
 ( —  CH2CH2—  : polyethylene chain) 
Crosslinking by radical substitution and/or 
recombination: 
        • —CH2CH— +  —CH2CH2— —CH2CH— +  m H 
                     —CH2CH— 
or(2) 
         • 
 CH2CH-  -CH2CH  CH2CH 
                       CH2CH —
 In fact, the crosslinking was most effectively 
performed by the irradiation of the KrF excimer 
laser light, and the ArF excimer laser had little 
effect on the crosslinking as shown in Figure 4. 
The figure illustrates the effect of the 
wavelength on the melt flow rate when the sam-
ple thickness is 1.2 mm, and the concentration 
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Fig. 5 Absorption spectrum of (a) BP in isooctane 
     with a concentration f 2.5 X  10-3mo1/1, (b) 
     polyethylene sheet with a thickness of0.3mm 
     containing 0.1% BP and (c) pure polye-
     thylene sheet with a thickness of0.3mm. 
 The ultraviolet light absorption spectra of BP 
photoinitiator (a) and the polyethylene sample 
with (b) and without the photoinitiator (c) are 
shown in Fig. 5. The spectrum of the poly-
ethylene sample containing BP shows a strong 
absorption band around 250nm which corres-
ponds to the band of BP, although the spectrum 
shows no strong absorption band near the 
wavelength of ArF excimer laser light. Combin-
ing this observation with the implication of the 
Eqs.  (3)-(5)6), it can be concluded that BP first 
absorbs light and the excited BP initiates the 
crosslinking reaction acting as a photoinitiator. 
The chemical structure of CBP is closely similar 
to that of BP, and the ultraviolet light absorp-
tion spectrum of CBP is almost he same as that 
of BP. Consequently CBP is expected to play 
the same role as BP in the photochemical
crosslinking of polyethylene. According to these 
observations, KrF excimer laser light has been 
used in a large part of the present investigation. 
Excitation: 
BP  —.BP* or  } (3) 
 CBP  CBP* 
  (BP*, CBP* : excited  initiators  )
Hydrogen abstraction: 
 BP*  +  —  CH2CH2—  .  BP  —H  +  —  CH7CH 
or (4) 
 CB  P  *  +  —  CH2CH2—  .  CB  P  —  H  +  —  CH2CH  —
( — CH2C H2 — : polyethylene chain,  BP—  H,  
•  CBP  —  H: the radicals produced by hydrogen 
abstraction) 
Crosslinking: 
         • 
 —CH2CH—  + —CH2CH2—  —CH2CH— +  H (5) 
                     —CH2CH— 
 The highest gel content observed in this study 
is about 35%, which is a rather small value in 
comparison with that reported in the literature 
(2). This may be attributed to differences in the 
irradiation conditions and the additives. Poly-
ethylene is quite transparent to ultra violet light 
above its melting point of 150 , and the cros-
slinking reaction is drastically accelerated by the 
deeply penetrating laser light. The irradiation 
has been carried out, however, at room temper-
ature in the present study, since the develop-
ment of a practical application of an excimer las-
er is our final goal. The light is largely attenu-
ated with traveling the sample and its initiating 
effect decreases at a room temperature. In addi-
tion to the above, it seems that the accessibility 
and mobility of the intermediate polymer adic-
als such as  —CH2CH— play an important role 
in the crosslinking reaction. Another reason is
the concentration of the photo-initiators. We 
used about one-tenth of the concentration of the 
photoinitiators reported in the literature (2) in 
order to minimize uncertain influence to our en-
vironments, which is an important effort in de-
veloping a practical application. The last to be 
considered is the crosslinking agent, trially-
cyanurate, which has been used in the experi-
ment in literature (2) but not used in this experi-
ment. It promotes a different type of radical 
crosslinking of polyethylene given by Eqs.  (3)-
(5), and enhances the crosslinking rate in the 
melting state. This effect is under investigation 
in our laboratory and the results are to be pub-
lished in a near future. 
  4. Conclusions 
 The polyethylene sheets containing aphotoin-
itiator has been performed photocrosslinking at
room temperature by using excimer laser. The 
crosslinking rate of the sample considerably de-
pends on the concentration of the photoinitiator 
and the thickness of the sample. 
 The obtained gel content ranges from 30 to 35 
%, which is rather low comparing to other 
methods, but the present method seems to be 
useful since the crosslinking can be accom-
plished in a regular room condition. It is also 
found that the photocrosslinking rate which is a 
function of the depth from the surface can be 
easily controlled by the concentration of the 
photoinitiator.
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